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The complete nucleotide sequence of porcine adenovirus type 3 was determined and a transcriptional map for the genome
was constructed. The size of the genome is 34094 bp in length with an unusually high G 1 C content (63.7%), the highest thus
far reported for any adenovirus. Overall organization of the genome is similar to that for previously sequenced adenoviral
DNAs, but there also were distinct differences. The late regions genes are organized into six families, instead of five as they
are in human adenovirus type 2. In contrast to bovine adenovirus type 3 and ovine adenovirus, which lack virion-associated
RNA genes, the nucleotide sequence analysis of the viral genome indicates that it encodes one short VA RNA species. With
the exception of the fiber and a 33-kDa nonstructural protein, the predicted amino acid sequences of the open reading frames
in the late regions and the E2 region and IVa2 exhibited a high level of homology, whereas the deduced amino acid sequences
of ORFs in E1, E3, and E4 regions, and the pIX showed a lesser homology with the corresponding proteins of other
adenoviruses. The proteins V, VII, and IX are unusually long, and the protein VII lacks the consensus protease cleavage site.
Genomic and cDNA sequence analysis has identified promoters, cap sites, intron–exon boundaries, polyadenylation signals,
and polyadenylation sites in the viral genome. © 1998 Academic Press
INTRODUCTION
Adenoviruses constitute a large group of DNA viruses
that infect a wide variety of mammals and birds. The
group is at present divided into two genera; adenovi-
ruses that infect mammals and share a cross-reacting
antigenic determinant on the hexon are grouped under
the genus Mastadenovirus, whereas those infecting
avian species are included in the genus Aviadenovirus.
Each genus is at present arbitrarily subdivided according
to the natural hosts, and the subgroups are further di-
vided into serotypes, which are distinct antigenic enti-
ties. Five serotypes have been identified in pigs: porcine
adenovirus (PAV) types 1–5 (Derbyshire et al., 1975; Hira-
hara et al., 1990). Of five serotypes, the type 3 (PAV-3)
replicates to the highest titers in cell culture (Hirahara et
al., 1990). The prototype strain (6618) of this virus was
first isolated from a rectal swab collected from a healthy
piglet (Clarke et al., 1967), and experimental infections of
piglets with PAV-3 have been subclinical or associated
with transient diarrhea (Derbyshire et al., 1975). The
proposed use of PAV-3 as a viral vector has stimulated
interest in the molecular genetics of the virus. The phys-
ical mapping of the genome and the nucleotide se-
quence analysis of the early region 3 (E3), pVIII, fiber, E4
regions, and the inverted terminal repeats (ITRs) were
described recently (Reddy et al., 1993, 1995a, 1995b,
1996, 1997). The nucleotide sequences of the genes
encoding the penton base, hexon, protease, and 100 kDa
were also reported (McCoy et al., 1996a, 1996b).
Recombinant animal adenovirus-based vectors are
promising alternative gene delivery systems in that hu-
man adenovirus (HAV)-based vectors have several dis-
advantages associated with their use (Paillard, 1997).
The currently used HAV-based vectors are endemic in
most populations, which provide an opportunity for the
replication defective viral vectors to multiply either due to
complementation or recombination. Preexisting immu-
nity against HAVs also interferes with the entry and
long-term expression of a transgene. Moreover, the host
range of HAVs is broad and could overcome species
barrier without much difficulty, which puts these vectors
in a disadvantageous position for regulatory purposes.
To circumvent these problems, we are proposing highly
species-specific bovine and porcine adenoviruses as
gene transfer vectors for vaccine purposes in animals
and gene therapy in humans. Recently, the complete
nucleotide sequence and transcription map of bovine
adenovirus type 3 (BAV-3) was published (Reddy et al.,
1998b). The present paper describes the complete nu-
cleotide sequence, genome organization and transcrip-
tion map for the genome of PAV-3. Availability of the
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complete sequence information and a transcription map
for the whole genome will facilitate the generation of
recombinant vectors.
RESULTS AND DISCUSSION
The nucleotide sequences of part of the PAV-3 genome
were published earlier and are given in Table 1. As the
complete nucleotide sequence of PAV-3 is now available,
the nucleotide numbers given in Tables 1 and 2 repre-
sent the real distance from the left end of the genome.
Size and structure of the PAV-3 genome
The virus has a genome of 34094 bp with a base
composition of 18.3% A, 17.8% T, 31.4% G, and 32.5% C.
Thus the G 1 C content of PAV-3 is 63.7%, the highest
reported for any adenovirus. The G 1 C content of
adenovirus genomes sequenced thus far ranges from
33.6% in ovine adenovirus (OAV) (Vrati et al., 1996b) to
55.2% in HAV-2 and -5 (Chroboczek et al., 1992; Roberts
et al., 1986). The size of the PAV-3 genome is in agree-
ment with the size determined earlier using restriction
enzyme analysis (Reddy et al., 1993) and is comparable
to that reported for the genomes of BAV-3 (Reddy et al.,
1998b), HAV-12 (Sprengel et al., 1994), and HAV-40 (Davi-
son et al., 1993) but is 1841 nucleotides shorter than
HAV-5 DNA (Chroboczek et al., 1992).
A homology search of the GenBank database was made
using BLAST for the deduced amino acid sequence for
each open reading frame (ORF) with a coding potential of
.70 amino acids. Only those ORFs, which could be iden-
tified either by their homologies with published adenovirus
proteins or by genomic locations, are described here. The
organization of the PAV-3 genome as determined based on
the sequence analysis of the genome and cDNA clones is
presented in Fig. 1 and Table 2.
TABLE 1
Summary of Published PAV-3 Sequences
GenBank accession no. Reference Sequenced region
AF083132 Current report 1–34094
L43077 Reddy et al. (1995) 1–144
U24432 McCoy et al. (1996) 13556–15283
U34592 19036–21897
U33016 McCoy et al. (1996) 21897–22676
U82628 24056–26572
U10433 Reddy et al. (1995) 27089–31148
L43363 Reddy et al. (1997) 31064–34094
TABLE 2
Summary of Transcriptional and Translational Features of the PAV-3 Genome
Region Gene Cap site ATG
Splice donor
site(s)
Splice acceptor
site(s)
Poly(A)1
signal Poly(A)1 site(s)
E1A 229R 477 533 N N 1286 1307
214R 533 1043 1140 1286 1307
E1B 202R 1386 1461 D D 4085 4110, 4112
474R 1386 1829 D D 4085 4110, 4112
pIX pIX 3367 3394 N N 4085 4110, 4112
E2A DBP 27028c 24041c 26949c, 24714c 24793c, 24051c 22560c 22536c
E2B pTP 27028c 13638c 24949c, 24714c 24793c, 13772c 4075c 4052c
Polb 27028c 13638c 24949c, 24714c 24793c, 13772c 4075c 4052c
IVa2 IVa2 5864c 5711c 5699c 5441c 4075c 4052c
E3 N 27473 NA NA NA 28765 28793
E4 N 33740c NA NA NA 31189c 31170c
L1 52K 6044 10629 9684 10606 13601 13627
IIIA 6044 11719 9684 11715 13601 13627
L2 pIII 6044 13662 9684 13662 15698a 15735
pVII 6044 15170 9684 15139 15698a 15735
L3 pV 6044 15819 9684 15793 18992 19013
pX 6044 17783 9684 17776 18992 19013
pVI 6044 18076 9684 18063 18992 19013
L4 Hexon 6044 19097 9684 19096 22544 22567
Proteaseb 6044 21934 9684 21931 22544 22544
L5 100k 6044 24056 9684 24056 28765 28793
33K 6044 26181 9684 26130 28765 29793
pVIII 6044 27089 9684 26792 28765 28793
L6 Fiber 6044 28939 9684 28910 31143 31164
Note. NA, data not available; N, no splicing observed; D, transcripts with different splicing patterns; c, complementary strand.
a TTGTTT is present instead of AATAAA.
b The splice acceptor sites were predicted based on consensus splice acceptor sequences.
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Inverted terminal repeats and packaging signal
ITR sequences play an important role in the replication
of adenoviral DNA. The ITR sequence of PAV-3 was
previously published (Reddy et al., 1995b) and is 144 bp
in length. The ITR of PAV-3 could be divided into an
AT-rich region and a GC-rich region. The primary se-
quence of the AT-rich region has a high degree of ho-
mology with those of animal adenoviruses, including
other PAVs (Reddy et al., 1995b), whereas the GC-rich
region of the ITR was not conserved, with only a few
short conserved sequence motifs. The packaging do-
main of adenoviral DNA consists of seven AT-rich re-
peats and shares a loosely defined consensus motif,
59-GTN3–4TTTG-39 (Grable and Hearing, 1992). In PAV-3,
there are three AT-rich repeats between the left ITR and
the E1A promoter, but none of them showed perfect
homology with the consensus packaging motifs of
HAV-5.
Early regions of the genome
The adenovirus genome is organized into early and
late transcription units. From early transcription units,
numerous mRNAs are generated, and the encoded
polypeptides are required to establish productive viral
replication, transformation, and viral latency in infected
cells.
E1 region. In PAV-3, the E1A region is located between
1.5 and 3.8 map units (m.u.). Four different types of
cDNAs with varying splicing patterns were identified in
the E1A region of PAV-3. The pRb binding motif (128Leu-
Asp-Cys-Pro-Glu) and a zinc finger motif (139Cys-X2-Cys-
X13-Cys-X2-Cys) were found in the E1A protein of PAV-3,
indicating that the E1A proteins of PAV-3 may have func-
tions similar to those of HAV E1As (Reddy et al., 1998a).
The E1B region is located between 4.0 and 12.1 m.u. and
shares a poly(A)1 signal and poly(A)1 site with the gene
coding for pIX. One E1B mRNA (3 kb) is produced
throughout the infection, and five other types of minor
mRNAs also are produced late in infection. The ORF
analysis of cDNA representing 3.0-kb mRNA showed two
overlapping ORFs corresponding to 19- and 55-kDa
ORFs of HAV-2 (Reddy et al., 1998a).
E2A and E2B regions. In PAV-3, the mRNAs for DNA-
binding protein (DBP), precursor terminal protein (pTP),
and DNA polymerase (pol) are transcribed from a pro-
moter located at 79.4 m.u., with a cap site located at
nucleotide 27028 (Table 2). The cDNA sequence analysis
indicated that the entire coding region of DBP is present
in the main body of the mRNA between m.u. 70.5 and
66.5. The two untranslated leader sequences derived
from m.u. 79.4 and 75.6 are present in the mRNAs of DBP,
pTP, and pol (Fig. 1). The poly(A)1 site of DBP mRNA is at
nucleotide 22536, whereas the poly(A)1 signal is found
between nucleotides 22560 and 22555. Because we
were not successful in obtaining the full-length cDNA
representing the pol gene of PAV-3 from the library, the
transcriptional data pertaining to pol was derived using
the consensus sequences for the pol transcript of HAV-2
(Shu et al., 1988). The transcripts for pTP and pol share a
third leader located at 40.4 m.u., which contains the
codons for the first three amino acids (Met-Ala-Val) that
are common for these two proteins. This exon is located
two nucleotides downstream of the poly(A)1 addition site
for L1 transcription unit and partly overlaps the ORF of
penton base protein. These short exons are spliced to
the main body of ORFs of pTP and pol at 30.6 and
25.5 m.u., respectively (Fig. 1 and Table 2). In HAV-2, the
initiating Met-Ala-Leu tripeptide, which is common for
pTP and pol, lies at m.u. 39. This exon was shown to be
important for expression of functional pTP and pol (Shu
et al., 1988). The mRNAs of these two proteins also share
FIG. 1. Genome organization and transcription map of PAV-3. The central solid line, which represents the PAV-3 genome (34,094 bp) is divided into
100 m.u. The genes that are transcribed toward the right are indicated on top and those that are transcribed toward the left are at the bottom of the
central line. Solid lines indicate the sequences present in mature mRNA, broken lines represent introns, and arrowheads indicate poly(A)1 sites and
show the direction of transcription. The locations of MLP, TPL sequences and VA RNA gene indicated.
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a poly(A)1 signal located between the nucleotides 4075
and 4070 and a poly(A)1 site situated at the nucleotide
4052 with that of IVa2 (Fig. 1 and Table 2). A similar
genomic organization has been reported for the E2 re-
gions of HAV-2 (Shu et al., 1988) and BAV-3 (Reddy et al.,
1998b).
DBP is a multifunctional protein that contains a vari-
able and highly phosphorylated N-terminal and a highly
conserved, nonphosphorylated C-terminal domain
(Linne and Philipson, 1980). The variable N-terminal do-
main is dispensable for viral DNA replication, and the
differences noticed in the length of DBPs from various
adenovirus serotypes were attributed to the deletions in
the N-terminal domains. The N-terminal domain contains
the nuclear localization signal (NLS) and is involved in
determining the host range (Klessig and Grodzicker,
1979; Morin et al., 1989). The DBP of PAV-3 is 457 amino
acids long and contains a poorly conserved N-terminal
domain and highly conserved C-terminal domain. The
DBP of PAV-3 shows amino acid identities of 21.8–58.1%
with those of other adenoviruses (Table 3). The N-termi-
nal domain contains a bipartite NLS (47RRKR and 77RRK).
A similar bipartite NLS was found in the DBP of HAV-5
(Morin et al., 1989a, 1989b) and BAV-3 (Reddy et al.,
1998b). The DBP of HAV-5 is a phosphoprotein, and the
serine and threonine residues present in the N-terminal
domain are phosphorylated (Morin et al., 1989a, 1989b).
Similarly, the DBP of PAV-3 has 12 serine and threonine
residues together in the first 100 amino acids at the
N-terminus, which may serve as phosphorylation sites.
The C-terminal domain of DBP is involved in DNA bind-
ing, initiation and elongation phases of DNA replication,
and transcriptional control of major late promoter (MLP).
The DBP of HAV-2 contains two zinc atoms in different
coordinations (Tucker et al., 1994). The zinc atoms have
a structural role and are required for functional activity of
the DBP. Structural studies have shown that the cysteine
residues located at positions 396, 398, 450, and 467 in
the DBP of HAV-2 are involved in binding of one zinc
atom (Tucker et al., 1994). All of these cysteine residues
(residues 327, 329, 381, and 397), including the distances
between them, are conserved in the DBP of PAV-3 (Fig.
2). The second zinc atom in the DBP of HAV-2 is bound by
cysteine residues 284, 339, and 355 and one histidine
residue at position 286. All of these residues (cysteine
residues 215, 270, and 286 and histidine residue 217) and
the distances between them are perfectly conserved in
the DBP of PAV-3 (Fig. 2). Similar observations were
made for the DBPs in HAVs (Kitchingman, 1985), BAV-3
(Reddy et al., 1998b), OAV (Vrati et al., 1996a), and mouse
adenovirus type 1 (Cauthen and Spindler, 1996). Two of
the 10 conserved glycine residues (280 and 362) in the
DBP of HAV-5 were previously shown to be involved in
tight b-turns, and three of the remainder (267, 287, and
356) are adjacent to amino acids involved in binding zinc
(Tucker et al., 1994). All of these glycine residues (G212,
G293 involved in b-turns, and G200, G218, and G287
adjacent to zinc binding residues) are also conserved in
the DBP of PAV-3 (Fig. 2). However, only the last two of
the five glycine residues (G256 and G340) adjacent to
positively charged residues are conserved. These gly-
cine residues in the DBP of HAV-2 were postulated to be
involved in interacting with DNA. The C-terminus (resi-
dues 513–529) of DBP in HAV-5 forms a hook that sits on
a hydrophobic pocket in a second molecule, thereby
forming a protein chain. Deletion of the hook destroys
TABLE 3
Protein Sequence Identitiesa between PAV-3 and Other Adenoviruses
PAV-3 HAV-2 HAV-12 HAV-40 BAV-3 CAV-1 OAV CELO
DBP 39.4 41.1 41.8 58.1 46.5 23.8 21.8
pTP 61.3 61.2 61.6 56.3 62.9 25.7 34.4
Pol 46.9 46.4 47.9 46.1 47.1 31.4 31.2
IVa2 65.3 60.6 61.2 62.8 56.5 30.7 25.1
pIX 23.6 25.0 31.8 16.8 28.2 N N
52K 57.0 53.4 53.7 53.8 56.7 14.9 17.9
IIIA 46.2 49.3 48.3 51.8 52.8 28.2 28.0
III 68.4 68.2 68.4 68.9 71.1 55.5 46.5
pVII 35.1 N 33.9 42.7 39.4 31.5 34.0
pV 37.1 38.3 33 31.5 30.6 N N
pX 55.6 51.4 54.3 59.7 55.9 31.0 45.8
pVI 34.0 38.1 38.6 26.6 35.3 14.9 21.5
Hexon 67.4 70.2 70.1 68.8 74.0 50.3 47.6
Protease 57.4 53.9 55.9 57.4 56.4 29.4 44.6
100K 49.2 49.4 49.7 48.2 52.5 28.0 29.2
pVIII 61.4 61.0 63.7 57.9 63.7 26.7 17.5
Fiber 25.9 27.5 20.8 28.1 28.6 21.4 21.4
Note. N, homolog not found.
a The percentage of identity were determined by using the PALIGN program with default parameters (open gap cost and unit gap cost 5 10).
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the cooperativity in single stranded (ss)DNA binding,
which contributes to the affinity of DBP for ssDNA (Tuck-
er et al., 1994). Some of the highly conserved residues
involved in this interaction in the DBP of HAV-5 are L391,
L480, V499, and F527; the corresponding residues L322,
L410, V429, and F457 were found in the DBP of PAV-3
(Fig. 2).
The pTP of PAV-3 is 631 amino acids in length and is
similar to the size reported for HAV-2 and -40 (Shu et al.,
1988), BAV-3 (Baxi et al., 1998), and OAV (Vrati et al.,
1996a). The pTP of PAV-3 has amino acid identities of
25.7–62.9% to the pTP of other adenoviruses (Table 3).
The sequence motif YSRLRYT, which was reported to be
conserved among all DNA-terminal proteins studied so
far (Hsieh et al., 1990), is also perfectly conserved in the
pTP of PAV-3. This motif is believed to play a role in
protein primed initiation of DNA replication. The pTP and
pol form a stable heterodimer and enter the nucleus
together using the nuclear localization signal for pTP
(Zhao and Padmanabhan, 1988). The nuclear localization
signal RLPV(R)6VP described for HAV-2 and -5 is partly
retained in pTP of PAV-3 in the form of 345RLPL(R)4PRP. It
has been demonstrated that the pTP of HAV-2 is pro-
cessed to TP via an intermediate form by the action of
viral protease. The sites of cleavage (A–C) of HAV-2 pTP
have been determined (Webster et al., 1994). Cleavage at
site A generates iTP. The equivalent site is conserved in
all HAVs as well as PAV-3. Site B, which is only eight
residues C-terminal to site A, is present in HAV-2 and -5
but is absent in PAV-3 and HAV-4. Cleavage at site C in
HAV-2 generates mature TP. Site C is conserved in PAV-3
but not in OAV (Vrati et al., 1996). After the assembly of
preinitiation complex at the origin of replication, pol cat-
alyzes the transfer of dCMP to serine 580 of the intact
FIG. 2. Multiple-sequence alignments of DBP homologues. The amino acid sequences of PAV-3 (P3), BAV-3 (B3) and HAV-2 (H2) DBPs were aligned
using CLUSTAL of PC GENE program employing default parameters (open gap cost and unit gap cost 5 10). Identical and conserved residues are
indicated by asterisks and dots, respectively. Dashes indicate gaps. Conserved cysteine and histidine residues that are involved in metal biding are
shown in bold and underlined. The NLS are italicized and underlined.
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terminal protein (Smart and Stillman, 1982), which acts
as primer for initiation of DNA replication. The serine
residue and the sequences surrounding it are highly
conserved in the pTP of PAV-3 (555NSGD) as in HAVs.
In PAV-3, the coding region of pol partly (50 codons)
overlaps the C-terminus of pTP and the N-terminus of
IVa2 by 89 codons in different frames. The pol is 1177
residues long and has amino acid identities ranging from
31.2% to 47.9% with its counterparts from other adenovi-
ruses (Table 3). Six regions of homology have been
detected among DNA polymerases from diverse eukary-
otic and prokaryotic organisms and were thought to be
involved in essential functions of this enzyme (Wong et
al., 1988). The pol of adenoviruses shares five of six
conserved regions with the other members of the a
family of pols. Five of these blocks of homology are also
present in the primary sequence of PAV-3 pol. The con-
served region I (987YGDTDS) is completely retained in
PAV-3 pol. In addition to region I, the invariant residues
identified in regions II, III, IV, and V of DNA polymerase a
family (Wang et al., 1989) are conserved in pol of PAV-3.
In pols of adenoviruses, there are two cysteine- and
histidine-rich sequences that are conserved between
serotypes and might be folded into zinc finger motifs that
bind to DNA (Joung and Engler, 1992). In PAV-3 pol, the
first cysteine- and histidine-rich sequence is located
between amino acids 188 and 212 and is composed of
the sequence 188CEHC(X)7HTC(X)10HH. The second re-
gion is located between the conserved regions I and V
near the C-terminus and includes the conserved cys-
teine residues at 1033, 1037, 1040, 1064, and 1067
[1033CETQCERC(X)23CDAC]. The N-terminal region of ad-
enoviral pol contains three clusters of basic sequences
(BS), which could function as a nuclear localization sig-
nal for the transport of pol (Zhao and Padmanabhan,
1991). Three such motifs, BS I (7RAR), BS II (25RHRPL),
and BS III (41RAQRAR), were observed in the pol of PAV-3,
which may serve a similar function.
E3 region. The E3 region of PAV-3 is 1179 bp long
located between the genes coding for precursor protein
VIII and fiber proteins (Reddy et al., 1995a, 1996). It is
relatively simple in organization with one poly(A)1 site,
which it shares with the L5 region genes. The predicted
amino acid sequence of one of the ORFs of the region
shows homology with a 13.3-kDa E3 protein of canine
adenovirus type 2 (CAV-2). The promoter region of PAV-3
was identified and is located within the body of the gene
coding for pVIII (Reddy et al., 1996). Transcriptional map-
ping of the E3 region of PAV-3 indicated that the L5 region
overlaps the E3 region and that the L6 is located imme-
diate downstream of the E3 region. A similar genomic
organization was reported for HAV-2; however, there
were only five families of late region genes, wherein the
L4 region overlaps the E3 region and the L5 region starts
just downstream of the E3 region (Cladaras et al., 1985).
In BAV-3, the late region genes preceding the E3 region
also share poly(A)1 signal and poly(A)1 sites with those
of the E3 region (Reddy et al., 1998b). It was suggested
that in HAV-5, early in infection, the E3 promoter drives
the expression of E3 region, and late in infection, the
transcription of the region also initiates from the MLP.
Similar observations were made for the E3 region of
PAV-3 as one of the cDNA clones representing the E3
region had tripartite leader sequences (TPL) at its 59 end.
Similar observations were made for the E3 region of
BAV-3 (Idamakanti, 1998).
E4 region.The E4 transcription unit is located between
m.u. 91.4 and 98.9 in the viral genome and is transcribed
from the L strand of the genome (Reddy et al., 1997). Of
the eight ORFs on the L strand, only the deduced amino
acid sequence of ORF 8 showed homology with the
34-kDa E4 protein of HAVs. A partial transcriptional map
for the region was also constructed based on the results
of the Northern blots, 59 and 39 end mapping experi-
ments (Reddy et al., 1997).
Intermediate regions of the genome
Based on the kinetics of expression, the two genes
coding for pIX and IVa2 proteins are classified as inter-
mediate region genes, the expression of which begins at
about the same time as DNA synthesis (Binger and Flint,
1984). These two proteins are structural components of
the virion and were shown to activate the MLP (Lutz et
al., 1997; Tribouley, et al., 1994).
pIX. The pIX of HAVs is present in groups of nine,
where it strengthens hexon nonamer interactions (Bou-
langer et al., 1979). In virus-infected cells, this protein
acts as a transcriptional activator that is dependent on
the presence of TATA box in the promoter (Lutz et al.,
1997). In PAV-3, analyses of the nucleotide sequence
upstream of ORF representing the pIX showed that the
cap site is located at nucleotide 3367; upstream, a TATA
box and two GC boxes were found. Like in HAVs, the
transcripts of pIX and E1B in PAV-3 are also 39 coterminal
(Fig. 1 and Table 2). The pIX of PAV-3 was 199 amino
acids in length and longer than the pIX protein of any
other adenovirus for which the nucleotide sequence in-
formation is available. Only the N-terminal portion of the
protein showed homology with pIX of other adenovi-
ruses. The pIX of PAV-3 is also unusual in that the central
portion of the protein has stretches of glutamine (six),
alanine (nine), glutamic acid (seven and four), and pro-
line residues (five), the significance of which is not
known.
IVa2. In PAV-3, the gene coding for IVa2 is expressed
as a spliced mRNA species containing two exons and
lacking an intron of 257 nucleotides. The IVa2 and E2B
mRNAs share a common poly(A)1 addition site located
near 11.8 m.u. (Fig. 1 and Table 2). The transcription start
sites of the divergent MLP and IVa2 promoters are only
,200 bp apart on the viral genome. The mRNA of IVa2
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contains a long ORF corresponding to 453 amino acids,
of which the first 3 N-terminal amino acids are coded by
RNA upstream from the donor splice site and the remain-
ing amino acid residues are coded by RNA downstream
from the acceptor splice site. Similar observations were
made for the IVa2 transcripts of HAV-2 (Winter and
D’Halluin, 1991). The IVa2 is one of the highly conserved
structural proteins in PAV-3 and has amino acid identities
of 25.1–65.3% to the IVa2 proteins of other adenoviruses
(Table 3). The potential nucleoside triphosphate binding
site GPTGCGKS, found in IVa2 of adenoviruses (Gorbale-
nya and Koonin, 1989), is also conserved in IVa2 of PAV-3
between residues 177 and 184, with a serine replacing
cysteine at position 181.
Late regions
In HAV-2, transcription initiates predominantly at the
MLP, after the initiation of DNA replication, which occurs
at ;7 h postinfection (p.i.) (Ziff and Evans, 1978a). Tran-
scription from the MLP accounts for ;30% of the total
RNA synthesis at late times. In PAV-3, the DNA replica-
tion begins at 14–16 h p.i. (Reddy et al., 1997), after which
the majority of transcription is expected to initiate from
the MLP. In HAV-2, the MLP is located at 16.8 m.u.,
whereas in PAV-3, the ML transcription initiates at
17.8 m.u. The MLP of PAV-3 has an inverted CAAT box
(5965–5962), the upstream stimulatory factor (USF) bind-
ing site (5979–5990), and a canonical TATA box (6009–
6015). The initiator element (INR) [TCAGTTG] is located
32 bp downstream from the first T of the TATA box and
conforms to the consensus PyPyAN(A/T)PyPy sequence
(Javahery et al., 1994) with the exception of the last
nucleotide (Fig. 3). In HAV-2, the INR was shown to
enhance initiation of transcription from the MLP (Lu et al.,
1997). In HAV-2, two sequence elements (DE1, DE2) lo-
cated downstream of the transcription site were also
shown to enhance the transcription from the MLP after
the onset of DNA replication. In PAV-3, two such se-
quence elements are located within the first intron be-
tween the nucleotides 6170 and 6180 and the nucleotides
6184 and 6191 (Fig. 3).
In HAV-2, the primary transcript that is initiated from
the MLP extends toward the right for ;28 kb and termi-
nates at a position close to 99 m.u. in the viral genome
(Fraser et al., 1979). The primary transcripts are cleaved
and become polyadenylated at one of the five locations
along the genome, generating five families (L1–L5) of
mRNAs, each with 39 cotermini (Ziff and Fraser, 1978b). In
PAV-3, there are six families of late mRNAs (L1–L6), each
with 39 cotermini (Fig. 1 and Table 2). In BAV-3, the late
regions are organized into seven families (Reddy et al.,
1998b). This finding might have important implications in
the development of adenoviral vectors as it should be
possible to insert a foreign gene under the control of
appropriate splicing elements as a new family of late
genes and obtain high levels of expression of the gene.
In HAV-2, after the selection of a 39 end, the primary
transcript is processed by splicing in such a way that
each mature mRNA gains a common set of three short 59
leader segments called TPL derived from m.u. 16.8, 19.8,
and 26.9 (Berget et al., 1977). The TPL enhances the
translation of mRNA in infected and transfected cells.
Although the INR element was located between the nu-
cleotides 6040 and 6046, the nucleotide sequence de-
termination of several cDNA clones representing late
transcripts of PAV-3 had their 59 ends at the nucleotide
6064. Often the cDNA clones do not contain the com-
plete 59 end sequences of mRNAs, and the transcription
start site of the MLP used in the text is based on an INR
element. Thus the first leader of the TPL in PAV-3 lies
next to the MLP and is predicted to be 81 nucleotides
long. The second leader lies within the gene coding for
pol and is 68 nucleotides in length. The MLP and the first
and second leaders of the TPL are located within the
FIG. 3. Sequence showing the transcription control elements of the MLP region in PAV-3. Transcription control elements are shown in bold. The
positions of the first and last nucleotides shown in the figure represent the distance from the left end of the genome.
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coding region of the pol gene. The third leader, the
longest of all (99 nucleotides)s is located within the gene
coding for pTP. Thus the TPL of PAV-3 is predicted to be
248 nucleotides long and is derived from three exons
located at 17.7, 20.9s and 28.1 m.u. In HAV-2, the total
length of the TPL is 201 nucleotides, with its first exon of
41 nucleotides from the MLP region, its second exon of
71 nucleotides from DNA pol region, and its third exon of
89 nucleotides from the pTP region of the genome (Chow
et al., 1977). Similarly, in BAV-3 the length of the TPL is
205 nucleotides long and the three exons are derived
from different parts of the genome located at 16.2, 19.3
and 26.4 m.u. (Reddy et al., 1998b). In OAV, the length of
the TPL is only 157 nucleotides, with its first exon of 31
nucleotides from the MLP region and its second and
third exons of 63 nucleotides each from the pTP region
(Vrati et al., 1996a).
L1 region. The mRNAs of the L1 region are character-
ized by having a common poly(A)1 site at m.u. 39.9 (Fig.
1 and Table 2). Two mRNAs with splice acceptor sites
located at m.u. 31.1 (52 kDa) and 34.4 (pIIIa) have been
identified. A similar organization has been reported for
the L1 region of HAV-2 (Akusjarvi and Persson, 1981). In
HAV-5, the 52/55-kDa proteins represent two differen-
tially phosphorylated forms of a 48-kDa precursor protein
that play a major role during the assembly of infectious
virus particles (Hasson et al., 1992). The 52-kDa protein
of PAV-3 is 335 amino acids in length, and is 80 amino
acids shorter than the corresponding protein in HAV-2.
Shorter 52-kDa proteins are also noticed in BAV-3 (Reddy
et al., 1998b) and OAV (Vrati et al., 1996b), which could be
accounted for by deletions in the N- and C-terminal
portions of the respective proteins. Nevertheless, the
central portion of the PAV-3 52-kDa protein exhibits
.50% amino acid identity with those of HAV-2, -12, and
-40 and BAV-3 (Table 3).
The protein pIIIa is a structural component of the virion
that makes contact with the outer aspect of the hexon.
(Stewart et al., 1993). In PAV-3, the IIIa protein is 622
amino acids long, the longest thus far reported for ad-
enoviruses. The pIIIa of PAV-3 is also unusual in that it
lacks a consensus protease cleavage sequence, found
in the pIIIa of HAVs. The pIIIa protein of MAV-1 also lacks
a consensus protease sequence (Meissner et al., 1997);
however, pIIIa of PAV-3 has amino acid identities of
28–52.8% to the pIIIa of other adenoviruses (Table 3).
L2 region. The L2 region has a poly(A)1 tail addition
site at m.u. 46.1. Two major mRNA species with splice
sites at coordinates 40.0 (pIII) and 44.4 (pVII) have been
identified (Fig. 1 and Table 2). The penton base protein
(pIII) is known to play an important role in virus entry into
cells (Wicham et al., 1993). After attachment to cells via
the fiber protein, the penton base protein (pIII) of adeno-
viruses interacts with av integrins and promotes efficient
uptake of virus into cells (Mathias et al., 1994). The pIII of
PAV-3 is 484 amino acids in length (McCoy et al., 1996a)
and, next to the hexon, shows the highest degree of
homology with those of other adenoviruses (Table 3). The
PAV-3 protein is similar in size to those of BAV-3 (Reddy
et al., 1998b), CAV-1 (Morrison et al., 1997), and MAV-1
(Meissner et al., 1997) but is much shorter due to dele-
tions near the N-terminus and central portions of the
protein relative to HAV-2. The penton base proteins of
most of HAVs have a conserved Arg-Gly-Asp (RGD) se-
quence, which is predicted to lie at the apex of two
extended a helices. The RGD sequence motif promotes
efficient uptake of virus into the cellular endosomes.
Such a sequence motif is absent in the penton base
protein of PAV-3. The RGD motif is also absent in the
penton base proteins of HAV-40 (Davison et al., 1993),
BAV-3 (Reddy et al., 1998b), OAV (Vrati et al., 1996b),
CAV-1 (Morrison et al., 1997), egg drop syndrome virus 76
(Rohn et al., 1997), and MAV-1 (Meissner et al., 1997). It is
possible that these viruses might use non-RGD motifs in
entering cells because non-RGD sequences are also
capable of mediating integrin binding (Hynes et al., 1992).
One such motif is LDV, which is partly conserved in the
penton base proteins of PAV-3 as LDL. In HAV-2, the
penton base protein interacts with the fiber in the virion
through a conserved domain (SRLSNLLGIRKR) which is
also found in the pIII of PAV-3 (242SRLNNLLGIRKR). A
similar domain was found in the penton base protein of
BAV-3 (Reddy et al., 1998b).
The polypeptide pVII is a major protein associated
with adenovirus cores. It accounts for 10% of the protein
mass of the virion (Sung et al., 1977) and is involved in
the packaging of viral DNA. In PAV-3, the pVII is 171
amino acids long and shows a high degree of sequence
conservation with other adenoviruses in the N-terminal
50 residues, including the consensus protease cleavage
site (20MYGG-ARRL). The remainder of the protein is not
well conserved, and the lack of conservation of the
C-terminus of pVII has been noted for other animal ad-
enoviruses. The amino acid sequence analysis of PAV-3
pVII indicated that the protein is very rich in basic amino
acids (34 of 171 residues), which is consistent with the
function of the protein in condensation of viral DNA.
L3 region. The L3 mRNAs have a poly(A)1 tail addition
site at 55.8 m.u. Three mRNA species coding pV, pX, and
pVI are transcribed from this region (Fig. 1 and Table 2).
The protein pV is involved in directing the adenovirus
DNA to the nucleus after uncoating. The ORF coding for
the PAV-3 pV is 629 amino acids in length, which is the
longest pV reported for any adenovirus. This is mainly
due to insertion of amino acids in the central portion of
the protein relative to other pV proteins. The pV protein of
PAV-3 shows homologies with those of other adenovi-
ruses, which range from 31% to 38% (Table 3). The pV of
PAV-3 contains ;20% (123 of 629 residues) basic amino
acids and two bipartite NLS: one at the N-terminus
(42KKRRKAKRX13RPRRR) and the other at the C-terminus
of the protein (586RWQRRX9RLPRR). Similar observations
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were made for the pV of HAV-2 and BAV-3 (Reddy et al.,
1998b; Russell and Kemp, 1995). The presence of two
NLS possibly increases the rate of nuclear transport of
this protein. These properties of the protein are likely to
be related to its DNA binding function.
In PAV-3, the precursor for pX has 72 amino acids
compared with 80 residues for pX of HAV-2 and BAV-3
(Reddy et al., 1998b; Roberts et al., 1986). Like in HAV-2,
the pX of PAV-3 has retained both protease cleavage
sites: one near the N-terminus and the other in the
middle of the protein. The main difference in length
results from a deletion immediately before the amino
terminal proteinase cleavage site. The N-terminal pro-
teinase cleavage site does not completely comply with
the consensus protease cleavage site in that it has
valine in the P39 position. In HAV-2, the pX is a 19-amino-
acid peptide that binds strongly to DNA (Anderson, 1990).
Based on the proteinase cleavage sites, the pX of PAV-3
is expected to be 22 residues long. The C-terminal frag-
ments of pX of PAV-3 and HAV-2 show high homology
(67% identical amino acids).
The protein pVI of PAV-3 is 292 amino acids in length,
25 residues longer than the HAV-40 pVI (Davison et al.,
1993). The difference in lengths is mainly due to two
insertions in the central portions of the protein, a least
conserved portion of the protein. The two protease cleav-
age sites, one at the N-terminus (30MNGG-ALSW) and
the other near the C-terminus (278IVGL-GVRT), conform to
the consensus protease cleavage site sequences. The
N-terminal cleavage product is predicted to be 33 resi-
dues, the same length as in the HAV-2 N-terminal frag-
ment. The C-terminal fragment is expected to be 12
residues long, one residue longer than that seen in
HAV-2 (Anderson, 1990).
L4 region. The L4 mRNAs are characterized by a
poly(A)1 tail addition site at 66.2 m.u. Two mRNA spe-
cies, encoding the hexon and a protease, are transcribed
from this region (Fig. 1 and Table 2). The hexon is the
most abundant structural protein of adenovirus and
forms 240 of the 252 capsomers and contains both
group- and type-specific epitopes (Pettersson, 1984). The
hexon of PAV-3 is 939 amino acids in length, which is
similar in size to that reported for the hexon of BAV-3
(Reddy et al., 1998b). The sequence alignment of PAV-3
hexon with that of HAV-2 show significant homology
throughout the molecule, except in three regions of the
protein. The first region lies between the residues 133
and 179. and the second one lies between the residues
233 and 258 (numbering with reference to PAV-3). These
regions fall in the base domain P1 and 11 loop of the
hexon. The third region, which did not show homology, is
located between the residues 399 and 437 and corre-
sponds to loop 12 of the molecule. Type-specific anti-
genic sites have been demonstrated in loops 11 and 12 in
the hexon proteins of HAV-2 and -5 (Toogood et al., 1992).
Although the sequence forming the loops is not well
conserved, the sequence elements required to stabilize
the structure are well conserved, and the overall struc-
ture of the PAV-3 hexon protein would be expected to be
similar to that published for HAV-2 and MAV-1 (Weber et
al., 1994).
The proteinase of PAV-3 is 204 amino acids in length
(McCoy et al., 1996b), similar to those from other adeno-
viruses, which range between 201 and 214 amino acids
(Weber, 1995). Homology as a percentage of identity with
other adenoviruses varies between 29.4% and 57.4% (Ta-
ble 3). In the proteinase of HAV-2, histidine-54 and cys-
teine-122 were shown as catalytic site residues (Ran-
court et al., 1994). These two and other residues, which
are involved in catalytic activity, are also conserved in the
proteinase of PAV-3. Adenoviral proteinases are basic in
nature, and this property may help it to be packaged into
virions (Webster et al., 1993). Similarly, there are 27 basic
residues in the PAV-3 proteinase sequence. The protein-
ase of HAV-2 requires a peptide (GVQSLKRRRCF) for its
activity, which is derived from the C-terminus of pVI
(Mangel et al., 1993; Webster et al., 1993). This peptide is
highly conserved in other serotypes (Weber, 1995), in-
cluding the peptide from the C-terminus (280LGVRTCK-
RRRCY) of PAV-3 pVI. Because the PAV-3 proteinase and
the C-terminus of pVI share significant homologies with
the corresponding proteins from other adenoviruses, the
same mechanism of cleavage might be used during virus
assembly in PAV-3.
L5 region. L5 region is characterized by a common
poly(A)
1
tail addition site at 84.4 m.u. It codes for three
polypeptides, two of which (100 and 33 kDa) are non-
structural, and the other is pVIII (Fig. 1 and Table 2). The
100-kDa protein of PAV-3 is 838 amino acids long (McCoy
et al., 1996b) and shows 28.0–52.5% amino acid identities
with 100-kDa proteins of other adenoviruses (Table 3). In
HAV-2, the 100-kDa polypeptide is made in large quanti-
ties late after infection. It is specifically associated with
the hexon in adenovirus infected cells and plays an
essential role in trimerization of the hexons (Cepko and
Sharp, 1983). The 100-kDa protein of HAV-5 enhances the
translational efficiency of late viral mRNAs by binding to
them (Riley and Flint, 1993). Sequences that conform to a
consensus RNA binding region of RNA binding proteins
were found in adenovirus 100-kDa proteins (Hayes et al.,
1990). The common RNA recognition sequence consistis
of four domains. Sequences that conform to each of the
subdomain consensus sequences can also be found in
the 100-kDa protein of PAV-3, suggesting the importance
of these domains in the protein function. The ORF cor-
responding to a 33-kDa phosphoprotein of HAV-2 is 225
amino acids in length in PAV-3 and did not show any
homology with the corresponding proteins from other
adenoviruses.
Polypeptide pVIII, which is one of the hexon-associ-
ated proteins, connects the core with the inner surface of
the adenovirus capsid. The pVIII of PAV-3 is 223 amino
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acids long (Reddy et al., 1995a) and shows the highest
degree of homology with those of HAV-40 and CAV-1
(Table 3). The N- and C-terminal regions of the protein
show higher homologies than the central region. Two
potential protease cleavage sites (108LAGG-GALA and
150LGGG-GRSS) that conform to the consensus cleavage
sites were found in the pVIII of PAV-3.
L6 region. In PAV-3, the L6 mRNA is characterized by a
poly(A)1 addition site at 91.4 m.u. A single polypeptide
fiber is translated from this region (Fig. 1 and Table 2). In
HAV-2, ;30% of the mRNA population coding for fiber
has been shown to contain ancillary x, y, and z leader
sequences in addition to the TPL (Anderson and Klessig,
1984). No such leader sequences were found in the
cDNAs representing the fiber mRNA of PAV-3. The fiber of
PAV-3 is 447 amino acids long and could be divided into
tail, shaft, and knob regions. The shaft component could
be arranged into 14 pseudorepeats, and each repeat is
15 residues long (Reddy et al., 1995a). The fiber of PAV-3
shows amino acid identities of 21.4–28.6% to the fiber
proteins of other adenoviruses, and the N-terminal por-
tion showed the highest homology (Table 3). In HAV-2,
the tail of the fiber protein contains a hydrophobic se-
quence (FNPVYPYD) and is thought to be involved in
interaction between the fiber and the penton base pro-
tein (Caillet-Boudin, 1989). A similar sequence motif
(13FDPVYPYD) is also present in the tail portion of the
fiber in PAV-3. In most of the adenoviruses, a conserved
sequence motif separates the head from the shaft region
of the fiber (Chroboczek et al., 1995). This sequence motif
(260TLWT) is also perfectly conserved in the fiber of
PAV-3.
Virion-associated RNA.HAVs encode low-molecular
weight RNAs, called virion-associated (VA) RNAs, which
are transcribed by RNA polymerase III. These RNAs are
required for efficient translation of viral mRNAs late after
infection. In HAVs, VA RNA genes are located between
the genes coding for pTP and 52/55-kDa proteins. The
presence of a 164-bp sequence between the splice ac-
ceptor sites of pTP and the 52/55-kDa protein genes and
additional signature sequences in the region indicates
that there is one short VA RNA gene in the genome of
PAV-3 (Fig. 1). Nucleotide sequence analysis of the gene
revealed several regions, which showed complementa-
rity to the other regions within the locus. Potential struc-
tural models differing in calculated stability for the VA
RNA sequence were derived by computer-assisted pre-
diction of folding patterns using the Zuker algorthim
(1981). The length of VA RNAs in HAVs is ;160 nucleo-
tides (Ma and Mathews, 1996). Based on the upstream
and downstream signature sequences, the VA RNA of
PAV-3 is expected to be ;140 bases in length. Shorter VA
RNAs were also reported in HAV-10 (Ma and Mathews,
1996) and CELO (Larsson et al., 1986). The smaller size of
VA RNA in HAV-10 was attributed to a deletion of 27
nucleotides as a result of looping out between flanking
direct repeats (Ma and Mathews, 1996). Upstream of the
VA RNAs, 28–33 nucleotides rich in adenosine separate
the VA RNA initiation site from pTP splice site. In PAV-3,
there are seven adenosine residues upstream of the
splice acceptor site of pTP. In HAVs, the run of T residues
located at the end of VA RNAs acts as termination signal.
There are two runs of T residues separated by adeno-
sine immediately upstream of splice acceptor site of the
52/55-kDa protein, which could act as a similar termina-
tion signal for VA RNA in PAV-3.
In summary, the ORFs for all the structural and non-
structural proteins of PAV-3 are located in the same
relative positions in the genome as in other HAVs. How-
ever, a relatively high G 1 C content, organization of the
late region genes into six families, the absence of addi-
tional leader sequences (x, y, and z) in the fiber, and the
presence of a single small VA RNA gene are some of the
distinctive features of the PAV-3 genome. Other distinc-
tive features of the genome include a smaller and simple
E3 region; unusually long pV, pVII, and pIX ORFs; the
absence of a protease cleavage site in pVII; and the
absence of RGD motif from the penton base.
MATERIALS AND METHODS
Virus and viral DNA
The 6618 strain of PAV-3 was cultivated in a swine
testis (ST) cell line. The cells were grown in Eagle’s
minimum essential medium supplemented with 5% fetal
bovine serum. The purification of virus and extraction of
DNA from virus were carried out as described previously
(Graham and Prevec, 1991).
Plasmids and genomic DNA sequencing. Selected re-
striction enzyme fragments of PAV-3 DNA were cloned
into pGEM-3Z and pGEM-7Zf(1) plasmids (Promega).
Nested set deletions were made using exonuclease III
and S1 nuclease as described by Henikoff (1984). Nucle-
otide sequences were determined on both strands of the
genome by the dideoxy chain-termination method
(Sanger et al., 1977) with Sequenase enzyme (U.S. Bio-
chemicals) and by the dye-terminator method with an
Applied Biosystems (Foster) DNA sequencer. Sequence
alignments were carried out by using PALIGN and
CLUSTAL programs of the PC-GENE sequence analysis
software package (Oxford Molecular) and Clone Man-
ager (version 4).
cDNA library. Two cDNA libraries were made using
polyadenylated [poly(A)1] RNA extracted from PAV-3 in-
fected ST cells at 12 and 24 h p.i. The cDNAs were
synthesized using the reagents from Stratagene and
cloned into the Uni-Zap vector. The cDNA library made
with RNA extracted at 12 h p.i. was used to screen for the
cDNAs of early regions of the genome, and the one made
using RNA extracted from 24 h p.i. was used for cDNAs
of late region genes. To select the cDNA clones repre-
senting the mRNAs of early region of the genome, the
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restriction enzyme fragments corresponding to the 59
ends of the regions were labeled with 32P and used as
probes. Similarly for late region genes, 32P-labeled TPL
sequence was used as a probe. The plaques that hy-
bridized to specific restriction enzyme fragments of PAV-3
were plaque purified twice, and the pBluescript SK(1)
containing cDNAs were excised from Uni-Zap vector
according to the Stratagene protocol. The resulting
clones were subjected to restriction enzyme analysis
and grouped. The nucleotide sequences of the represen-
tative cDNA clones from each group were determined.
Nucleotide sequence accession number. The com-
plete nucleotide sequence reported here has been submit-
ted to GenBank and assigned accession no. AF083132.
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